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Abstract. This paper presents Partially-Averaged Navier-Stokes (PANS) simulation of the ﬂow around generic vehicle at
different yaw angles. The results of PANS show not only excellent agreement with the experimental data but also large
savings in the computer effort compared to LES predictions. Simulations on several computational grids show that PANS
adapts to the existing grid making the prediction accurate on affordable computational grids
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INTRODUCTION
Partially-Averaged Navier-Stokes (PANS) simulations has shown to be an appropriate technique for various bluff body
ﬂows of engineering relevance. The applications range from ﬂows around generic bluff bodies such as a ﬁnite cylinder
[6] to ﬂows around simpliﬁed trains [1] and landing gears [2]. One important application of bluff body ﬂow PANS
is that of prediction of ﬂow control (passive and active) [3] with the aim of drag reduction in vehicle aerodynamics.
The main motivation for our interest in PANS for bluff body aerodynamics is our hope that this technique will be able
to overcome the problems with enormous computational effort of large eddy simulation (LES). This paper presents a
new application of PANS for a generic vehicle body inﬂuenced by crosswind at yaw. The aim of the paper is to explore
the capability of PANS to predict this ﬂow. We will rigorously study the prediction of the ﬂow with PANS, compare it
with other techniques such as LES, DES and RANS and also explore the capability of PANS to adjust to the existing
computational grid.
Partially-Averaged Navier-Stokes
Partially-Averaged Navier-Stokes (PANS) is a method recently proposed by Girimaji [4] as a bridging technique
between RANS and DNS. The switch in PANS is continuous and based on the ratios of unresolved to total kinetic
energy and dissipation.
The PANS equations read:
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Here a turbulent velocity Vi ﬁeld is decomposed into two parts by an arbitrary ﬁlter as Vi = Ui + ui. τ(Vi,Vj) =
−2νuSi j + 2/3kuδi j where ku and εu are the unresolved trubulent kinetic energy, and the dissipation and the eddy
viscosity of unresolved scales is given as
νu =Cμ
k2u
εu
(2)
in the original PANS k− ε model by [4]. The resolved stress tensor is given by
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The model equations for the unresolved kinetic energy ku and the unresolved dissipation εu are required to close the
system of equation given previously.
The PANS ζ − f model ([6]) that is used in the present work is given by the following equations:
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C∗ε2 =Cε1+ fk(Cε2−Cε1) (7)
∂ζu
∂ t
+Uj
∂ζu
∂x j
= fu− ζuku Pu+
ζu
ku
εu(1− fk)+ ∂∂x j
[(
ν +
νu
σζu
)
∂ζu
∂x j
]
(8)
L2u∇
2 fu− fu = 1Tu
(
c1+ c2
Pu
εu
)(
ζu− 23
)
(9)
where constants Cμ ,c1,c2 andCε2 are equal to 0.22, 0.4, 0.65 and 1.9, respectively. Lu is the length scale and Tu is the
time scale deﬁned by using unresolved kinetic energy:
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where constants CL and Cτ are equal to 0.36 and 6.0, respectively. We assume that our numerical meshes support
the cutoff in the energy containing scales and inertial range and choose fε = 1 (i.e. εu = ε). Cε1 is computed as
Cε1 = 1.4(1+0.045/
√
ζ u). This represents the four-equation PANS ζ − f model with enhanced near-wall attributes.
The unresolved-to-total-kinetic-energy ratio fk in the original PANS model was prescribed as a constant. fk in the
PANS ζ − f model ([6]) to become is a variable parameter that depends upon the grid spacing as follows
fk ≥ 1√cμ
(
Δ
Λ
)2/3
; Λ =
k3/2
ε
(11)
k in Eq. 11 is computed as k = kr+ ku.
DESCRIPTION OF THE GENERIC CAR AND PREVIOUS INVESTIGATION
The vehicle studied in the present work was ﬁrst used in an experimental study of Guilmineau and Chometon [7]
who used dynamic differential pressure sensors for steady and unsteady pressure measurements. This ﬂow was later
simulated by Guilmineau and Chometon [7] with RANS approach and explicit algebraic stress model (EASM).
Guilmineau et al. [8] presented also detached eddy simulation (DES) of this ﬂow. The existence of these RANS
and DES simulations together with well documented experimental data makes this ﬂow ideal for evaluation of the
capabilities of the present PANS simulations.
The model is shown in Fig.1a. It has a length of L = 675 mm, the width is W = 240 mm, the maximum height is
H = 192 mm. All other dimensions of the model are presented in Table. 1 .
The Reynolds number based on the incoming velocity, U∞, and the car length, L used in present paper is Re =
9× 105. This is the same Reynolds number as in experimental study and RANS simulation of Guilmineau and
Chometon [7] and DES of Guilmineau et al. [8]. Three different yaw angles are simulated: 10o, 20o and 30o. The
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a) b)
FIGURE 1. a) Geometry of the body. b) Sketch of the models’ set-up in the computational domain.
TABLE 1. Dimension of the test model (mm)
C D E F G J K φ1 φ2
415 550 140 140 29 118 345 20 40
model is placed in a domain as shown in Fig. 1b. The average turbulent intensity at the inlet of the wind tunnel used in
the experiments of Guilmineau and Chometon [7] was low (2%). A uniform velocity proﬁle,U∞, constant in time was
thus used as the inlet boundary condition in our LES. The homogeneous Neumann boundary condition was used at the
downstream boundary. The lateral surfaces and the ceiling were treated as slip surfaces using symmetry conditions for
the lateral sides and the ceiling). No-slip boundary conditions were used on the surface of the body and the channel
ﬂoor.
COMPARISON WITH THE EXPERIMENTAL DATA AND PREVIOUS SIMULATIONS
Here we only show brief results of the simulations and the future journal paper will include detailed comparison of
the results. An example of ﬂow structures resulting from our PANS simulation is shown in Fig. 2. Pressure coefﬁcient
a) b)
FIGURE 2. An isosurface of the second invariant of the velocity gradient Q for ﬂow at yaw angle 30o. a) Front view. b) View
from under the body.
along curve Pt for three different yaw angles is compared with the experimental data but also previous LES [9], RANS
[7] and DES [8] simulations in Fig. 3. It was found that the Cp values of the present PANS agree better with the
experimental data than results from previous RANS, DES and LES for all yaw angles. The largest advantage of the
PANS over for example LES is for ﬂow on the leeward side of the body and large yaw angles (Fig. 3a). The ability of
the PANS to adapt to the available resolution was investigated by running simulation on computation grid containing
only half number of the computational nodes compared to the original grid. It was found that the PANS adapts to the
grid and increases modelling part accordingly. Fig. 3b shows that the results for the surface pressure remained almost
unchanged. This is very interesting ﬁnding as the similar exercises with LES would result in drastically change of the
results.
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FIGURE 3. a) Pressure coefﬁcient allong curve (Pt ) for present LES and PANS and previous RANS [7] and DES [8] for 30o yaw
angle. b) Inﬂuence of mesh reﬁnement on the PANS results.
CONCLUSIONS
The PANS model was used successfully to predict the crosswind ﬂow around simpliﬁed vehicle. The ﬂow predicted
with PANS was found to be in better agreement with the experimental data than predictions of previous LES, DES or
RANS simulations. The PANS method was found to adjust to the computational grid by adding or removing turbulence
modelling. This increases our hope that PANS can become a true engineering approach for prediction of unsteady
ﬂows.
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